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ABOIRACE 

iA surfece botertiel cor-rollcd trausistor was recently developed, 
the charccteristics of which Cepend uvon tao scniconductor vhenomena 
usvelily thousht of es celeterious te transistor operation, These are 
carrier recombiration and channel effects, The device is characterized 
by @ hich impedance prid which allows efficient operation from a low 
impedance source, It cffers promise cf renlecing vacuum tuves in mary 
anplicetions not previously possible, 

Tne physics of operation are explained and the description of the 
Gevice in terms of hybrid parameters is civen, The variation of these 
parameters with bias conditions is investigated anc explained in terms 
of the uncerlying physics, The characterization of the device as a trans~ 
ducer is derived in terms of pain and impedance levels, 

The writer wishes to express his appreciation to lr, James lartin 
ena Me, Ben Anixter of Fairchild Semiconductor Products; to ir. Fred 
Morrison and hr, Randolph Moore of Motorcla, Inc., ijlitary Electronics 
Division for their assistance in obtaining the devices for exnerimentation; 
and to Dr, WV. kK, Bauer of the U.S, laval Fosteraduate School for his 


assistance anc encouragement in this investication, 
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ell iierecduciiOl, 

In 1961, Dr. C.7. Sah deseribed 2 new semiconcuctor device which he 
colled a "surface-potertial controlled trensistor'/l/ In addition to the 
usual emitter, base anc collector terminals this device features a fourth 
terminal known as a grid, It is the effect on collector current of a 
potential arplied to the grid and the hich impedance of this terniml] 
which sets this device apart from the remaincer of the transistor family, 
Because of the fourth terminal and the similarities to vacuum tube opera-~ 
tion, this dGevice is appropriately described by the term "tetrode" and 
such it shall be called Guring the remainder cf this discussion, 

The tetrode deperds upon tyvo semicenductor phenomera for its overa- 
tion, These phenomera are channel anc recombination of holes and elec- 
trons, Until the advent of the tetrode these two effects vere deleteri~ 
ous to transistor action anc strong efforts were made to curb them, 

Since they were regarded as second-order effects, most engincers are 
unfaniliar with the mechanisms involved, They will be described in 
Sections 3 and 4 of this raper, 

The tetrode may be described by a set of three hybrid equations 
defined by the current-voltage relationships at each of the three inde- 
pendent terminals, These characteristics ard their variations with bias 
conditions will be presented in Section7 along with the associated linear 
equivalent circuit, An explarstion of the parameters in terms of the 
physics of the tetrode will also be given, Finslly, the expressions for 
voltage gain, input impedance and output impedance will be derived and 
Ciscussed together with some cautions resardirng use of this device in 


oon area bie liguss 





om Description of aerulacture, 

A knovlecre of the construction of the tetroce will be an aid in 
uncerstancinre the ection of the trensistor in Jater Ciscussions, Con- 
struction fellows the sequence for the surfece rassivatec planar, How- 


A 


ever, the last phase involves denositing a mete] contact on the rrotec- 
tive oxide layer of the emitter—base junction, Fisvre 1 illustrates the 
stens in manufacture, 

An n-type silicon substrate forms the collector, This is etched 
to clean the surface and then exposed to a steam and oxygen atmosphere 


J. 


which causes 2 stable silicon dioxide to grow into the surface, It is 
this protective oxide which passivates the surfsce and provides the 
extremely low leakace currents in planar trensistors (of the order of 
tenths of nanoamps). This is shown in figure l(a), 

A window is etched in the oxide layer exposing the n-type silicon 
for the base diffusion (figure 1(b)). The bese is diffused into the 
collector from a boric acia vapor atnosnhere, The metallic boron dif= 
fuses into the exposed silicon and forms a p-type layer. It is inportant 
to note in ficure l(c) that the junction is formed underneath the oxide 
Jeyer covering the collector, This means that the junction surface has 
not been exposed to a contaminating atmosphere as is the case in conven- 
tioral transistor manufacture, During the base diffusion, another oxide 
layer crows into the previously exrosed silicon, In the case where boron 
is used as the base diffusant, this may take the form of a borosilicate 
glass. 

As before, @ wincow is etched in the oxice over the base to exrose 
the p=type silicon to the emitter diffusant (figure 1(d)). Fhosphorous 
LS used as the conor inpurity for the enitter n-type layer. it 1s dif— 
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fused into the base from a phosphorous nentozide atmosphere, The 
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;ethod of manufacture of surface-potential controlled trarsistor, 
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m, the junetion intersects the surface under the rrotec-— 
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the surface, (fireure 1{e)) 
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rrovasion for olmic contacts is nade br etchirie wincows over the 
emitter and base revions and netallising wita alminim, The etchine of 
he ohnic contact wincows leaves an oxide leyer protecting the enitter— 


base junction surface, it is this oxice which provides the possibility 


s netellised end a lead is bonded to 


He 


Seo Lourth terminal, Tris oxide 
it, thus forming the srid, The effect of a potential applied to this 
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geria is the subject of the remainder of this paper, 





oy The ihcnemenon of Channel ip Selicoarauctors. 
ai. uncerstendine of the .ey in which collector current is controlled 
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oy rric voltacve in the tetrode recuires in understending of an effact 
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‘nown es chonnel conductivity ir seniconductors, This effect hss 
observed for many veers in transistors and has been used to explain ex- 
cessive leakage current in p-n junctions /2/ as well as the drift in 
notential of an open<circuited emitter when the collector-vase junction 
is reverse biased,/3/ This latter effect is know as "floating potentiel.* 
Channel conductivity may be cescribed as a region near a pen junc~ 

tion into which cither electrons or holes from the other side of the 
junction ney flow without encountering a potential barricr /i/ This is 
often mistaken for an inversion layer which is a layer of n-type seni~. 
concuctor near the surface of a material which has been doped to be p- 
type or vice verse, Several investisators have concerned themselves with 
methods or creating and controlling channels artificially in the lebora- 
perry. J... law attributed this aremilous conducvivity to an donie erent 
ina layer of .ater adsorbed on the surface when e@ reverse bias was 

pelied to a pen junction,/4/ At avproximately the same time, H. Chris- 
tensen isolated the channel conductivity from iaw's ionic current theory 
by freesing the adsorbed water layer at cry ice temrerature, He was thus 
able to show that the chanrel vas, at lecst in part, due to charge cerriers 
within the bulk,/5/ He attributed the channel to an electric field at the 
surface, This clectric ficlcd cisturbed the equilibrium charge cistribu- 
tion near the surface thus causing the channel, WL. Prown /3/, following 
J, Pardeen's theory of surfece states /6/ developed a mathematical treat- 
ment for describing the clectric field in the interior and at the surfac 
of 2 semiccnanetor with such an adsoroed layer of suri@ee charre, His 


model was extended by 4,1, McWhorter cnd 2,H, Kingston who assumed a 
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erermarim rocgel./?2/ as Sch points out /1/, this mode} 


~s 
wm) 


the chnrel ror a 
is velia only for srervcniimm sem-les since recombiration current was nes~ 
leetecé, Sven reconbinetion is of the utmost importence in describinr the 
tetrode and will be discussed in deteil leter, In 1957, Il, Cutler and 
He’. Beth modified the work of licWhorter and Kingston to exnlein the non= 
saturating reverse current and low fommrd current characteristics ir 
silicon ciodes./7/ RE. Vineston and S.r, lreustadter followed a develop- 
nent parallel to FErown's in calculating the spece charge and free carrier 
concentration os well as the electric field at the surface of a scnicon= 
Guctor./S/ These works provide o useful cerparture point for the treat 
ment of the channel effects in the Sah tetroce. Unfortumtely, all of 
these treatments are cirected tovard the incivicual who is well versed in 
the concepts of the pnysics of the solid state and not the average elec» 
ronics engineer, The develomment which follows is ce mocel for the 
eres tion of a cnannel which uses concepts familiar to the engineer, The 
reacer should be cautioned against pressing the model beyord its applic~ 
ability, it is intended as a heuristic model, A more comprehcnsive model 
within the precepts of solid state physics will be presented later, The 
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reader who is interested in followine the later cevelopment or who feels 
need of a review of semiconductor physics is referred to the now classic 
boo: on the subject by (iecrooklies: particularly chepters 1, 5, °9, 20 
and 12. <A foundetion in quentum mechanics oriented towrd semiconductors 
is set out in Part III of the sane volwme./9/ 

As stated earlier, there is a difference between the formation of a 
channel and an inversion layer, A channel is associated only with the 


wrovlem of wether a clercge cerrier secs a potenwagl berricr 2t a jum 


tion, rerardiess of the actval carrier concertrations in the immediate 


CN 





vicinity, An inversion leyer is defined in terms of the relative carrier 
concentrations and may ocew incenencent of whether the carriers see a 
votentianl barrier, inversion is vresent whenever the concentration of 
the normally minority carriers exceeds the normally majority carrier con= 
centration. This may oceur before, at the same time, or after the onset 
of a channel, A channel occurs whenever the potential barrier for mejor- 
ity carriers ina pen junction is reduced to zero, For example, if clec- 
trons in an n-type material see no potential barrier to restrain them 
from diffusing to the p side of a pen junction, the condition of channel 
is saic to exist. To simplify matters, it will be assimed that the onset 
of channel and the formetion of an inversion layer oceur simultaneously. 
Uneer this assumption the words "channel" and "inversion layer" may be 
used interchangeably, 

Consider the pen junction in thermal equilibrium shown in figure 2(a). 
Under ‘these conditions the junction is back biased by an amount Va deter- 
mined by the diffusion of majority carriers across the junction, The 
majority carrier space distribution is uniform in the y direction, The 
electrons on the n sice now cannot surmount the repelling electric field 
in the transition region, 

Now let a positive potential Vy be applied to the surface of the p- 
type materinl, The associated electric field repels the holes nearest 
the surface and uncovers some of the negative ions, Ninority electrons 
are also attracted from the bulk toward the surface, The mipration of 
the charge carriers and the uncovering of ions ends when the potential at 
the surface has becn neutralised and the system is once more in equilib- 
riwn, One offect has been to reduce the concentration of free holes near 
the surface and increase the number of free electrons from their normel 
equilibrium values, Another effect has been to lower the potential 
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the revion noar the surface is 


a) 
i) 


. less p-type than before 
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Les the surface votential be ineree sec, The nimber of electrons 


a 


lima tec oy the depth cf penetration cf 


{e 
ee 


evelilable from the v-type oulk 
the electric fielce into the bul, However, increasing the surface notern- 
tial tencs to forwerd bies the junction near the surface end thus makes a 
Jarge supply of electrons availeble in this area, Therefore, after an 
initial supply from the petype material, nearly all of the electrons 
neecec to neutrelize the surface potential comc from the n sice enc the 
change in surface potential is menifested ina change in bias acress the 
junetion near the surfece necessary to provide these electrens, It should 
be clear that for some value of surface potential, the muber of electrons 
will exceed the munber of holes in the Jocal region at the surface, This 


- 


describes ann type material by definition, The further the rotertial 


? 


increases, the more strongiy n-type the layer beccmes, Since the electric 
field caused by the surfece notential decreases as 9 function of denth 
from the surface into the bulk, the n-tyne lever is less strongly n-tyre 
as we go from the surface into the bulk, LTventuelly, at some depth, the 
concentration of free holes again exceeds the free electron concentration 
and the material is again p-type. This indicates that the n-type laver 
coes not extend very far into the bulk since the chenge in surface noten= 
tial serves more to forverd bias the junction than to rerel holes from the 
surface, The fact that the depth of the surface n-type layer saturates 
very cuiexiy vill be denonstrated by the results of a later calculation, 
ft should be noted that we have satisfied ow cefinition of a chennels 
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ce ate : k a se = sin ee rm oO ue =, 2 Ae 1. * A aes ing e = s i. rt 
yance co Ule p-Vee region <efines a p=8 Junction transition region, It 


snomle ciso be noted th@ét this Junction is reverse biesec since the n 
M2 Ag e fo . ye ny % + rt te | rey 
recicn is at a positive rotential with resect to the p resion. To pre= 


Ware the way for later arguments, consicer the ertect of a lougitudiral 


current flowing ir the echcnnel toverd the junction, The channel is 


4 


quite resistive anc a voltece cror occurs in the cnannel which reduces 


a. 


c1on, thus the chennel becomes 


ae 


wne reverse bias cecross the chennel june 


Wicer 2s we approach the nozwmel junction from the nominally p side, is 
moone i see later, such & current is caused by recombim tion of electrons 


enc holes in the channel, Firure 2 rerresents this situation for a con- 
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a 


stare current flowing ine channel of uniforn resistivity, The rotential 
mop is then a linear function of distanec, 


Lay e} 


Tne case which is of interest to us is the tetrode, The source of 
tne positive potentiai woulda, of course, be a source applicd to the prid 
of the tetroce, Since the oxide Inyer over the emitter~base junction is 
an excellent insulator with a resistivity of onrproxinately 5x10? ohm~cn 
at 250°C the vrevious assumpticn ef no eurrent leavirge the surfece is 
Walid, The vescription of chennel formaticn used only a potential avplicd 
to the p-tyre material, The oxice layer which forms the grid extends 
over the n-type material as well, Such ais applied potentiel on the n-~ 
sice woulc nullify the biesinge effects of the chenre in rotential on the 
pesice, ihus it rust be assimec that the mture of the interface betueen 


the silicon ana the oxide is cifferert for the tivo tvpes of silicen and 


rrevents the Buia voltsme irom claims the potentiel as the active sii 
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fece of Une N-type silicon, Seh hes atiributed this cffect to the 
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enice Crrine sae wirl sion o. these wer orc wid) “there ore tora 


“tre te@ Hohosphorous ctons ct the interzadce, ‘This 


forms © cerenerote Joyer (nctallic layer) which screens the surfece of 


the silicen froh the appliec crid povential, Hence an arniied rrid volt- 
age will not affect the cistribution of charge cerriers in the n-trve 


material to ory verked degree, Cn the other hand, the oxice shovs an 
affinity for the base diffusant (boron) Curing diffusion so that the 
region at the surface, under the oxide is tess heavily coped then the 
bulk material in the interior, As a result, the surface has a lower 
equilibrium hole concentratien and the charge distribution will be more 
responsive to ¢rid voltage changes, Figure 4 illustrates these points, 
Formation of a channel on the peside of an n=p junction has becn 
teseribed, This corresponds to a channel under the eric in the base of 
an n=p-n tetroce, In order to more fully cescribe the formation of the 
base chonnel, we mist turn to an analysis of potential within the base, 
The cualitative cdeseription of channel formation given above can be 
made more cvantitatively rigorous by determining the electric field in 
the oulk of the base, Wore imrortantly, solution of the problem for the 
electrostatic potential within the volume will yield informetion es to the 
depth of penetration of the channel into the bulk, Ister it will be 
possible to correlate potential with channel current by considering re- 
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combination current in the channel and its effect upon the certh of the 
channel, In orcer to formulete the problem, it will be necessary to 
deseribe channel formstion in terms of the onerry of charge carriers, 
The description will be somewhat parallel to that given by Prown /3/ and 
Kingston anc Feustadcter /S/, 


Picure 5 is e three dinension:l representation of the enercy of an 
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ye) ond the detasce ccroagvne surf cca Bro: tke ye-ftrme to the p-iene 
material (x iv this Cio@ren), The silicon-owive interface of the tetroga 
is remresented by the rlane y = O cm the ernittcer ard base recions ere 
the nenc p recicrce respectively, Ficure 5{a) shoves the enorrr levels 
of the junction at ecuilihbrim, It is asstmed that there is no residvel 
deform:tion of the enersy levels in the vicirity of the surface, Ww end 
Ware the poterticls at which the w'erni ererty would die for equal con- 
cenirations of electrons and holes, At the intersection of this surface 
anc the Fermi surface, Y, n=p, For the equilibrium condition this 
Securs at the center of the junction, #5 pefore, 1t will be assimec TRL 
a rotential anrlicd to the «rid (the plane y = 0) will not chance the 
potential at the surface in the n region, Vo is the reverse bias gener- 
ated to counceract the diffusion of carricrs across the junction, The 
subscrivt O refers to the thermal equilibriw value of the quantity con- 
corned; “rhe suoscript nor p refers to the value of the quantity on the 
nor p sice respectively. 

The potent 1¥ or Wis defined by the reletionship 

= ane + YW, + RT /y Lu (he/, ay 

where q is the clectronic charge, Yard Wore the notenticls at the 
bottom of the conduction band ana top of the velence band respectively, 
k is Boltzmann's constant, T is tho ambient temperature in °K and Vy and 


Ne mee Lie CLicctive @consitics of smtes in the conduction ané lei 


bands restectively as defined by Shockley on page 303 of his book,/9’ 


Ina perfectly intrinsic material MB, = i, and WY = Z (Y% +V,,) or one 
ate ie a - ps 
helt of the cnergy cap, 

In fieure 5(b) o forwerd bias V_ hes been arplied to the junction 
in the conventional menner, ris is manifested in a loverine cf the 
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moterticl berrier for clectrors wich @lso-s the hicher erer@*’ cliectrons 
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his is aiso shown in firwre 50>), ‘he coneentration of holes in generei 
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where mn; is the intrinsic charse carrier concentration, It is a furecticn 
cof temperature only for a civen WY rhe corresponcing exoression for 
electron concentration is: 


RV YRT 


w= “ec 


ye) 
fs 
“a” 


It is scer that the quantity M-W is positive on the » side and hence 
M,>>Np as expected (the ordimte of figure 5 is-W) vhile D-W is 
negative on the n side and Wuspfr,. [bt sroulc be pointed out that 


anoniving the bias, Va, aic not materially change the quantity ~- YW ane 


a 


so the carrier concentrations heve not been nodified, This is only true 


where the injected carricr censity is small compared with the equilibr 


majority; concentration on the other sice of the barrier, Therefore ‘re 


« ™ 


may avoic explicit mertion of bias conditions and ciscuss the effects of 


bias in terms of the quantity @-Y%. — 


~ 


mee elfecu oc opplying a “gool tive woverimeal te che ric 


+ 


fisure 5{c), As previously assumed, it hrs no effect unon the n side, 
The effect upon the p side is to lower the energy of all of the allored 
states in the region to which the svurf¢ece-applied clectric field »vere- 
trates, There ere now more electrons with enerfics greater than or equal 
to the nev energy of these previously empty states, These clectrons will 


make transitions to these empty states which rcises the Fermi level tojard 
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conduction band. In fisere 5(¢), Ue is the reference level so (the “atm 


=% 


of the Sori level is menifestod by the bending of the enerey levels Gem 
towera tee Zorni lewel,) in terms of the belumvior of tho sé@#icon uaior 


ay the suriece, the quantity P-W reflects the chenre, —-Y hes heevris 


much smaller tran its previous velve or the 


24 A : ult Neat 
Se Eres AS wb AEC UC Vy Cire 


Te 


exnonent of the exrression for the concentration of holes is 


0) 
0) 
}—2 
LJ 
a 

=) 
be 


therefore p is smaller, Conversely the exronent in the ewpression for n 
increases and nis larger, The two ere more nearly eyuel onc the materia. 
more nearly intrinsic. 


An interestins point to rote in passing is that the conductivity of 


the surface leyer increases as the concentration of clectrons increascs, 


This is cue to the higher mobility of electrons over that of holes: 
= 4 Cx YnWo+ Pree ) 
= P 
= & Pm (n 4 ap ) 


where Be] Po < l. 9 is the semiconductor conductivity, Jaks and pr are 


7 


the respective mobilities for electrons and holes, The conductivity is 
seen to increase with W .. Since Y decreases as a function of denth 
into the material, so does n and consequently 0. Therefore the volta 
arop due to a longitudinal channel current is less near the surface of 
the chanrel than decrer into the channel, This is another factor which 
tencs to confine chennel current to the immcdiate surfece layer, 
ancreasing the grid voltage further results in the situation shotn 
in figure 5(d), Tho energy bands heve been lowered so fer that the Fermi 


level is now between YW end the conduction band, ‘The sign of D-W has 


chanced and n is nov freater than v, The surfece leyer is now n-tyrne 
t; ce 


at 
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mpoterial, This sctisrics tae mreviovstia@earition of chinnel,” As comic 


seen from fiewre [(c), the 1. leyer exten ’s irto the retyre meteridl to cs 


+4, 


cepth ceter:inec. by the intersection of W and @ 


rey 


é£ determiration of the centh of the channel mey be made by solving 


Fersson's cowtiow for the metential in tac interior ox the p region as 


function of the prid-incuced surface potentials 


y* ir) = —eiri/e 


where ecr 74s ‘the charge Gensi.ty as = function of position and © is the 


of. 7 aa ky 


permittivity of the semiconductor, The apnroech will perallel the crely- 


sis presented by Kingston and leustedter /8/, It will be assumed thet the 


e * 7 e 


variation of potentiel is unidirectional end not a function of time, The 
surface is the origin of the y coordimte of fisure 5, The enerey oricin 
is teken as the Fermi level in the p-type material, The variation of po- 


tential in the trensition region is neglected so that our discussion is 


— 


ch 


limited to the rerion in which the srid has the greatest effect 


The charge censity is civen bys 


Q= Na-Na + -p- x 
Deep in the bulk it is known that cnorge neutrality exists and the elec= 
tric field is sero, The potential has some ecuilibriim value WY, shown 


an e 


in figure 5, Usine the charce neutrality condition we heve: 
P= Ny-~ Ne + Pon == 0) 
be A = Ng = Na 
nand p are given by (1) and (2) 
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Deen in the bulk = YR anc nen = Le-l,, hence: 


Nun No 22 Mv; sinh a We [AT 
Sinilerly ven = =ZNj sinh ae in cenercl, 


Poisson's ectation for the one cimenmsionsl case becomes 


PY . 2 [sinh q¥/kT- sinh g¥6/RT | (3) 


te 


Using tne identity 


d? 
dx? LAE) 


end integrating, (3) becomes: 


(eee 


4 
x 1, 
j 4 (gey = J via [ sink a War - 3inh a Ve/pr lay 


This interration is from the bull: toverd the surface cna yields an exvres- 


sion for the olectric field ss a function of the potential at any points: 


ar = je ET cosh gy - fr cosh ge = e-myiok (4) 


Equation (4) must now be intesrated to find the potential "A as a lunction 


or x 


x ¥ ds aoe 
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The solution of this intecral will yield the potential at any depth. 





More inportantly, if Y= O is the unper linit of the right hand interral, 


the corresponding value of x will be o measure of the centh of penetra- 


tion of the channel into the bulk as a function of & . A solution ir 


et Be J 


Closed forn is not »ossible hovever a pleusibility ermment will show 





Teew- tne channel ceouu ee hire tes — 6 2-2 uNetion of Ye. 

The initiel volue of Y% is positive and gis negcetive. The inte~ 
grand is the slope of the integral, For lerge positive values of Y the 
cenominater aporoaches intinity with the the cosh $2 hence the interre nd 

T 
approaches zero. For smeller values of YW the slope will heve a neasur- 
7. 5 BI er. 
able magnituce. Tor fairly large W% (> a the intecrend will be es- 
sentially exp (- gM pr) which rapidly approaches zero as en csynptote, 


Thus it can be seen that increasine ‘ vill not meterially affect the 


intepral and hene¢e the cepth of the channel, 


no 
AS 





aa 


| 
t 
' 





>. The Fhenonenon of Recombin tion in Seniconcuctors 

The phenomencn of recombiretien of electrons and holes in semi- 
concuctors hes been observec largely in conrection with photoconeuction 
processes, In such a process, hole~clectron pairs are generated by ab- 


sorption of erergy from light incident upon a semiconductor, With a 


3 


exterml electric field applied these c@rricrs constitute a drift current 


° 4 
1 
Ld 


which is observed to decay exponentially with Gistance from the incident 


Might source, such ceeey can enly be expleined by ¢ recuction in the 


e 


sumber of charge carriers and has been cescribed ag a recombimtion of the 


tt 


ight generated hole~electron wairs, This is e random process which is 
best described statistically, The most widely accepted mocel for recom 
biration processes was Ceseribed by W. Shockley and W.T, Reac, Jr./10/ 
Their model was concernec with the recombiration rate ina bulk raterial 
with no p-n junctions, This model was usec by C.T. Sah, RU, toyce and 

we Shockley to describe the same non-saturable leakage current and lov 
forward current characteristics in silicon p-n junctions as were explained 


with channel considerations by Cutler anc. Bath, 


Reconbiretion may be cescribec as either one or two step processes, 


fro 


The one step process is a direct encounter of an electron by @ hole which 
results in the removel of both from the conduction process, Essenticlly 
the electron has mace a transition from the conduction band to fill a 
vacancy in the valence bond structure, This process is unlikely since 
the electron nust make an energy—losing collision with sone other rarti-~- 
cle at the precise point in time and space where the hole is located, 
Since the hole is also moving through the crystal this is tantamount to 

& man throwing one baseball randomly into the air and erother to a batter. 
If the secend baseball makes a collision with the bat and subsequently 


hits the first ball you heve Cescribec 2 cirect cellision of an clectron 


rhe 











the two Bten ~rocess involves en intcrmmadzate "trappine™ of cither 
Gie electron or“ Loe hole in 2 jJocelized voimmic in ciece.,, Since in. 
probability of being at ea riven point in space is now greater, the prob- 


aoility of seins: encountered or hit bry enother perticle is greater. The 


ok 


effect of © increase the rate of recombination over the case 
where no trars ére present, 

Ary locelized imperfection in the crystal may act as a trar. An 
imrerfection in the crystal mey take the form of a vecancy in the lattice, 
Poem ori uy elon, & crystal dislocation, an interstitial atom, or < grain 
boundary, Since the surfece of a semiconductor always defines a crystal 
erain boundary, tnere will always be a certain concentration of traps at 
the surface, This is reficcted in the relative inportance of surface re- 
combination as orposed to recombination in the bulk material, The pres- 
ence of a crystal imrerfection is manifested by an allowed state within 
the forbidden bard between the valence and conduction bands, The roten- 
tial level of this elloved state is dependent upon the tyne and location 
of the imcerfection, Anotner vay of Gescribing a trap is in terms of a 
localized electric field which attracts an electron or hole and holds it 
ina locai. area whose radivs is dependent uron the strength of the local 
fee, it the field attracts an electron very strongly, it corresponds 
to nearly immobilizing the electron which makes it very easy for a hole 
to subsequently capture it. The corresponding energy level of the trap 
woulc be near the valence bend, 

The rate at which recombiration takes place describes a loss of 

current, The fact that recombinetion also takes place in channels es-— 
tablishcs an inter-reliation between the two phenomena which is imrortent 


to the description of transistor action in the tetrode, The following 
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eralytical ccescrietion iige fareliel Shoemiey cuctMgac /10/ and Sal, 
Moyce and Shockley /11/, erriving at en exrression given by Seh for the 
recombiratior rate as a function of the electrostatic potential at the 
surface and in the bulk, Usins this exrression we may then correlate 
the recombinmstion current in the channel with the cepth of the channel 
anc. surefcece potertial, Tnis should allow us to separate the effects of 
surface potential upon channel centh ard recombiration rate, 

Let us suppose thet in our material there is a density of traps Il,, 
It will be assumed that these traps cll have the same energy level, This 


assumption is relatively velid for a well purified semiconductor which 
has been Coved while carefully aveidine unvented inpurities and careful 
crystal crowing to climimte lettice vacancies and dislocations, 

A trap may have one of two conditions: it may be occupied by an 
electron or not occupied by an electron, It is to be remembered thet a 
trap is simply a quantum ecnerrcy state or "allowed energy" for an electron. 
As such its prolability of being occupied by an electron is described by 
the Fermi-Dirac statistics in exexectly the same manner as electrons and 
holes, If a trap is occupied by an electron, it may either emit that 
electron to the conduction band or capture a hole from the valence bend, 
(The electron actvelly makes a second transition to the valence band to 
fill a vacant bond.) In either case the end result is that the trap is 
enpty, Ifa tran is initielly empty, it may capture an electron fron 
the conduction band or enit a hole to the valence band, (In the latter 
case a valence bond is broken and the released electron is trapped rather 
than soing to the conduction band.) The end result in either case is 
thet the empty state is filled by an electron, Cbviously the density of 
filled treps plus the density of enpty traps is ecuel to the total density 


of traps, Thus the probability that a tran is full plus the probability 
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is usually mich larger than 1 and f(H) can be apcroxime tec 


Mamet clmost no errer 67: 
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Peac can also be rritten as: 


a . t~E)/ BE ! 
t(E)= te) e sil 1 EET 


the probability cnet a trap is full must then be given by: 


a 


~ als and enpty b3 

ee ffiyie f- f. 
where E+ is the energy level of the tran and Ft is the Fermi level for 
the treps. We also cefine Fy, and Fo &S8 being the Fermi levels for eiec- 
trens anc holes respectively, Uncer conditions of thermal ecvilibrivwn 
(no arplied biases) all of these Formi levels coireide, Tovever, when 


the concentrations of cerriers ere rot et their ecuilibriun velues, the 
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enount by eich tid Hitler is rcfilected ina chanse in Fermi level. 
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Our objective is to cetem ine the rate of reconbination o: elec- 


a 


trons ard holes, In orcer wo do tails we shell determine the rate at 
which electrons are beine treppec bx the empty traps and the rate at 
which full traps are emittine theix electrons to the conduction banc, 
The aifference will be the net electron capture rate, Sinilorly, the 
rate of hole carture and enission will be fourd in order to detertine 


the net hole canture rate, At steady-state (but rot equilibriun) con- 


— 


ditions, the net hole capture rate anc net electron capture rate nvst 


be ecuel, Theat is, the rate of filling eupty traps must equzi the rate 
of emptyine filled traps, This, then, is the rate at which carriers are 
being removec from the conduction process and is the rate of reccmbirstion. 


For every hole-electron peir vhich recombines, one electron nust flow in 


itutes a recombiration 


a) 
cr 


the extermil circuit as comvensation, This con 
current, We will have more to say about this later, The cnergy which is 
given up when an clectron and a hole recombine is converted to lattice 
Vibrational energy. This must be considered as part of the tctal power 
Gissiration of the tetrode, ilore will be said about this in Section 9 
when behewior of the tetrode will be discussed, 

The rate at which electrons are capt-red is denendent upon; (1) the 
mziber of electrons availeble in the conduction band for captivre; (2) the 
muimber of traps which are empty anc hence capable of trapping an electron; 
anc (3) the probebility per unit time that an electron with a given enerey 


will be trapped by an emoty tren ata given energy. The product o 


ry 


these 
factors vields the rate of electron capture, snalogously, the rate of 
electron emission fron frill traps to the conduction band is piven hy the 
procuct of (1) the mmber of empty states in the concuction bend as a 


LY 


function of cnermy:; (2) the mwaber of full traps (heneo cam ble of emitting 
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an clectron); and (3) the »rovuibility per amit time of a full trap 
Gillvtine an elcctron te a riven cueroy level in the conduction band, 

The mumber of clectrongs available in the corduction band, n, is 
given by the procuct of the nmuuber of stetes ana the probability of that 
state being occupied integrated over the conduction band, For a non- 
degenerate® semiconductor, the effective density of states in the con- 
duction band acts like a number of states, IJ,, all concentrated at the 


bottom of the conduction band, Hence the electron density intesral de- 


geenerates tos 


n={ N(ef(e)de = Nef(e.) = Ne ale tft (5) 
F. . 


sada FE E# Ec 
Ne} E= Ee 


The muber of traps which are empty is given by the product of the 
density of traps and the vrobability of a trap being empty integrated 
over all energies, It has been assimed that a density of traps, Ny, is 
concentrated at the single energy E+. The integral degenerates as in 


(5) above: 


nyt = [Ne fae) = Nef (ea) = Nef AT 


The probability per wit time that an electron with a given energy 
will be trapped is given by the product of the thermal velocity of the 
electron and the capture cross section, This is a constant with resrect 
to energy for a ron-dercnerate seniccenductor since all of the conduction 


bema clectrons are effectively at E,, This factor shall be called c.. 


vee 


*A non-degenerate semiccnductor is one which is sufficiently pure 
that the electrons in the conduction band are essentially at the lowest 
end of the band, This implies that the density is still a function of 
temperature, If the density of electrens becomes too high the concen~ 
wration loses its temperature cepencence and the semiconductor takes on 
the properties of a metol, ‘This letter condition is lnown as a dereneracy 
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Consicering the rate of emission in an cnalogous manner, the mraber 


of enpty stites in the conduction band is l_~n which iss 


Ne~n = Ne f. (E.) = N, £(E E.) € 


Mic number os full traps is: 


Ne £, (£) 


ra 


and the corresponding probability of emission per unit tine is 6, 
These factors give the rate of electron emission to the conduction band 


ass 


(Ne- n) ne Cy = N, £,(e.) Ne fe (Ex) Ov (7} 


The net rate of electron capture is found by differencing (6) end (7). 


Ven Nef (Ec) Ne ot (E+) Cn- Ne f (Ec) Net, (Ex ern 
= Ne Ne cu If (eet (Ey) = f. (E. te (Ey) = aa 


If the thermal equilibrium argument is invoked, the rate of emission and 


l 


the rate of captire must be equeland Fy = F,. Under this condition 


is mich means: 
|r O which means 


ce.) fp (E,.) = { CEE (Ge) vm 
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Since Ey is always less than E,, the rate at which electrons are emitted 
from the traps to the conduction band uncer equilibrium conditions is 
always less than the rate at which electrons are falling into the traps 
from the conduction band, This shouid not be construed to mean that the 


traps cen never be emptying as fast as they are filling since we have 
4 


not yet considered tne other means of emptying traps: hole ccpture, 
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| Expanding this expressicn ard isolating the exnonential parts: 
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It will be founc convenient to exrress the electron emission term in 
terns of a ficticious electron dersity which has all of the charecter~ 
istics of an electron distribution with the Fermi level at Ki. Desigrmte 


this by “ we 
= (Et -Ec) 
Nm,=ENee 


tren (3} 


Uen = 11 fot (EC - ny fe (Es) Cy {10} 


The term Cy = it en expresses the mumber of electrons per unit time which 


~S 


would be captured if ail of the traps were empty. The reader should not 
try to attach meaning to the indivicual terms in the emission rate tern 
of (10), ‘The physical meenings have been distorted by the me thematical 
manipulation, The only significant thing to remember is that n) deseribes 
mathenatically an electron concentration analog sous to n but with the Fermi 
level at Et. This will be found useful, 

Turning now to the net canture rate for holes, the same vrocedure 
may be followed in obtaining Ucp. The rate of hole capture is the pro- 
duct of hole density, filled treps and a capture rate term, cp. The rate 


oz hole emission is the product of the number of filled holes in the 





valence band, Iy~p, empty traps and an emission rate term, The net hole 
ioe 
| Ucp = Ne fy CE) fp = (Nee p) tot (Ex) Gp 
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where Gy is defined os ltenp analocously to Gn. 
If steady state conditions arse assumed, the net rates of hole and 
electron capture are equnl anda this rate becomes the recombination rate, 


Eouating Usp ond Usyn end solving the equation first for i Pot and then fer 


f+: 


pt, (Ex) Cp ae fot (Ex) oF = Vi tet (E+) Cn mee 1) f, (Ex) Cy 
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fet= Plot wln 
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The substitution of Ppt = i-[+ yields} 


f, — ny + #, Ce 
G lee e+ Cy, Cry) 


When these expressions are substituted beck into (10) or (12) it is 


found thats 


U pr Cn Cp hp Coc bib Cs = prt, Calp 


Ce (orp) + Calnen,) 


PAA PN (13) 
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ing Gy and Cy, which heve the dimensions of reciprocal seconds, are de- 


if 





fined as the lifetimes of holes in highly n-type material and electrons 


in highly p-tyne material res~ectively, 
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except to evealucte coustants, The oxmression for recombination rate (13) 


* ee ee ce : 
Lerva lnc Tor -<cesds 


e 


state non-ecitzlibriu conditions, If the product 
Pin, is evalunted using (9) and (11) it is found to be 


(6..-£,) fer Ne albe Eiht a(n EeVaT nt 


Pins = Nor € we le. Sv t. 

It is now convenient to recall that the ficticious carrier concen 
trations were deseribed in the same minner es the true carrier concentra~ 
tions. Also recail that the carrier concentraticns can be expressed in 
terms of an intrinsic energy level, an intrinsic concentration and the 
Fermi level, The reference for energy has been established as the Ferni 
level so the usval method of expressing variation of carrier concentra 
tions in terms of quasi Fermi levels for electrons anc holes will not be 
used, Instead these veriations will be expressed in terms of the veriable 


Y. the Yermi level for boles in the p-type bulk will be established as 


the reference, ‘The same approach wey be used for ny, and py. 
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These quantities substituted in (14) cive an expression for recombimation 


of the form derived by Seah and Shockleys 
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This expression now gives the rete of recombination of clectrons and 


* 


holes in the cnannel and the junction transition region as a function of 
the intrinsic Fermi level. This expression may be used to determine the 


current in the channel and the transition region. A correlation of this 


a 


aepth of the channel should reveal the connection if any 
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resuit with the 


between channel current and depth of channel. 
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oe Erirect of Chamncl onc Recoznbamition om Transistor Action 

In sections 3 and 4 the models for channei and recombination were 
developed end their dependence on the surface potcntiel was given, low 
it is necessary to deseribe wnat effect these tvo phenomena have on the 
device as a transistor. 

Consider a transistor viased in the usual manner, The emitter-»ase 
junction is forword biased and the collector—base junction is reverse 
biased, For an n-p-en transistor, electrons are the minority carriers 
in the base and make un most of the current which flows. Moles from the 
base constitute a small fraction of the total however, The ratio of 
electron current to total current in the emitter base junction is given 
by the enitter efficiency, For a given junction voltage, a total current 
given by the usual diode equation vill flow. 

Now apply a potential to the grid of the tetrode sufficient to 
ereate a channel such as deseribed in section 3. Electrons will flow 
from the emitter into the channel. Tovever this in Te? Gone not he 
any cause for conecrn for it does not constitute a current in the steady 
state sense, The electrons heve not crossed a junction into the bese 
because the junction effectively lies between the channel and the base. 
But recombination of an electron end a hole will oceur in the channel at 
a rate depending on the surface potential and given by ecvation (18) of 
section 4, nis is at the heart of the tetrode's functioning, For cvery 
electron-hole recombiretion, an clectron must flow into the channel from 
the emitter and a hole must enter the channcl from the base to restore 
the channel to its former state, ‘This is again determined by the surface 


potential as ws shown in section 3 by equation (5), The electron which 


comes from the emitter does rot cross a junction and hence does not con~ 


= 


stitute current in the sense of the diode equation, However the hole 
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coning fron the base does cross the junction and hence does carry currert, 
The mruhber of recembimtions which teltes place depends upon the cherne]l 
volume end the rate per unit volume at which these reconinations are 
takinc place, «sis 18s shoim in section 32, the size of the channel becomes 


U 


nearly a constent very quickly so the majcr effect is that of the chonreing 
recombiretion rate with changing surface notential, 

It was rreviously statea tant tre ratio of electron cyrrent to totel 
current was the emitter erficiency. The tote] current is fixed by the 
junction voltase, Thus for every hole which crosses the junction into 
the channel, one less electron crosses the cmitter junction into the hese 
wrere it sunsequently aiffuses to the collector tnd becomes collector 
current, It is fairly eiperent thet -the more holes which flow into the 
chennel, the fever electrons wili flow into the base and from there to 


eo 
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s possible for the enlire current recuired by 


je 
ets 
f-3a 


the collector, iInceed 
tne diodc cavetion tc be mace up of holes flowing into the channel thus 
recucing electron current {and thereby collector current) to zero, ‘This 
ean also be Cescribed in terns of the emitter efficiency being recuced to 
Zero, 


Th 


o 


current transfer ratio,e&, is the ratio of current crossing the 
enivter—base junction to the current crossing the collector base junction. 
It is usually consicered to Bere up of three factors; (1)V, the 
emitter efficiency; (2) B the transport fector; and (3) Jha vhe collector 
multiplication factor, fis normally unity for the usual transistor bias 
conditions, 7 Gescribes the mmber of minority carriers which cress the 
enitter=base junction and the collector-bese junction, It is a measure 
of the minority carrier recombination in the base bulk, lodern techrol- 
ogy hes made this fector rearly wnity elso, This leaves @& as being fer 
the most vert dependent on ¥, In nocern trensistors this is alnost 
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unity ¢lso which accounts for the very lish velaes of ef encountered, It 


ee te Cones 
= c< = « é = e y Ae Ae a ff 
B = ee where E is now the commion enitter current transter 


ratio, not the transport factory It can be seen that as recombination in 


the channel derraces the emitter efficiency, of is reduced and conse- 
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quently 8 is reduced cuite rapidly, This will be seen to be the cass 


in section 7 where experimentel curves show the effect of srid voltare 
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The tetroce is: four terminal cevice nence,' relative to cne of 
there termiineis, it may be deseribec in terms of the current and voit- 
age at each of the remining three terminals, A sinvle extension of 


the hybrid ecuations for a trersistor adecvately describes the tetrade. 


In terms of the notation of figure 6, the hybrid equations are: 


Vy = bigdy + hyoV2 + hy 3V3 


a 


& 


13 neq fy + hzoVo + h33V3 

The cefining exnressions for the h=-paramcters ere the same as for ths 
conventioml] transistor perameters. Mote that hy; hyo, he, and hoo ars 
virtually the same prameters as in the transistor case, the only differ- 
ence being that it is also necessary to specify the short circuited con- 
dition of the grid (terminal 3). The eauivalent circuit for the tetrode 
will be developed from a whysical interpretation of the parameters, The 
common emitter conficuration will be used, 


The voltage at the base terminal is made up of three terms reflecting 


the conditions of the base, grid and collector, 


_ 3h 


Zp = tt oI, = 


is the faniliar exnression for the base input 
impedance and is described with the collector 


ond grid short circuited, 


Pes=hi2z oY 


| is a voltage feedback ratio reflecting the 
3 Va i=V.F 0 


effect of collector voltage on hase voltage, 
The base is oren and the grid short-circuited, This parameter i: mani- 


fested in the equivelent circuit by a voltage controlled voltage source, 


Vi 
Paez hie ve 


is also a voltage feedback ratio reflecting 





1=V2=0 
the effect of grid voltage on base drive. 


The base is open and the collector short-circuited, This perameter is 
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6 Tetrode symbol and current=voltage conventions 
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y tevroge linear equivalcont circuit 
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The collector evrrert is te he meade up of three terms which will add in 
merallel to form  sranch tro, 
Bac* Rove oi, is the rorvord base-collector short circuit 
eurrent trensfocr ratio, It is definecdeywith 
the cecllector cnd crida short-c’ircuived. In the ecuivalent circuit it 
is represented br a current ccontvrelicd current gencrator. 
Ye = DPR dl, is the collector admittance since it has the 


Vale aveo 


dimensions of mhos, The base is open and the 


erid short-circuited for this measurenent., 


Yoe* = Or: is perhars the most significant parameter of 
OVs 
TeV.= 0 


a7 


the tetrode. It describes the effect unon 
collector current caused by @ potential impressed upon the hish inpedance 


J 5 


erid, It has the dimensions of a conductance and cescribes the grid-to- 
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coliector transfer effect, Eenc % is the prid=-collector transconcuc=- 


tance, entirely anelocous to a vecuwwm tube esridenlate transconductance. 
It is defined with the bese open and the collector short-circuited, Tn 


the ecuivalent circuit it is sroim as 2 voltere controlled current source, 


fe 


The third brrneh of the nybrid ecuivalent circuit is also descrip~ 


‘ at 


tive of a current end so will be made up of equivalent shunt clements., 
it describes tke — ef esrid current, 


Poa= hai 2 ye is & bese-srid current transfer ratio of the 
f y V. 
28¥220 


seme type as hoy. However, it describes a 


feedoack factor rather than a forward trarsfer ratio, It takes the frorn 
of a current controlled current sencretor in the equivalent circuit, 


Bq= = haa 3 a is another Teeaback concquctance giving the 
Vel alaco 
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effect of collector volie@ze on frid current, 
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purposes since the conductance is very neeriy z¢ro through the grid oxide 
lover, 

This then cescribes the tetroce in terms of neasurable rearamcters 
provided the crivine sigral is smell, It remains to cescribe these mrus 
meters and their variations with bias conditions. The behavior of the 


tetrode as a trensducer wils. then be predictable for circuit applicetions. 
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electron corce: tratuon, Applyine a still nore Mersative voltage wilt 

Pes vere: Une conditions of yiowe So end cyenielly bere wie weve. 
yard until the Junction at the surface is less biesed than the bulk, 

The point of meximun recombination will shift further out of the junction 
until further increeses in grid voltace co not significently change the 
rate of reconbinm: tion in the junction,. This accounts for the leveling 
eff of beta with srid voltage well negz tive. 


2 e 


When the erid voltare is nade positive a chennel is formed under 


i) 


the grid cs shown in figure 5d and a region of high recombination is 
formed, Tae recombiretion in this region reduces the number of mincrity 


earriers which arrive at the collector, Since both the rate of recombi-~ 


te 


ation in the channel and the carrier concentration in the channel are 
functions of the emitter-—base junction voltage, a time varying junction 
voltece causes a tine varying recombination current which swings about 
the recombiration current determined by the DC grid bias, This is equiv 
aient to a loss of sigml in the form of signal component of reconbire~ 
tion, Thus, as grid voltage is made positive, both the a-c and the c= 
beta are reduced, The terminal value of beta for large positive crid 
Vomueee is, of course, zero since it is possible to cut the collector 

off by means cf the grid voltage, 

The anomalous bump in the curves of figure © in the vicinity cf 
Vap = 0 avnear to coincide with the onset of channel and the almost in- 
mediate saturation of the centh of the channel, 

Figure 9 displays the veriation of beta as a function of collector 
current, It is typical of transistors to have an increasing beta vs. 
collector current characteristic, hcwever it is a montonic function, 

The curves of figure 9 have an anomalous low current behavior, the cause 


of which is not clear, In figure 9 the collector current was maintained 
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deetor cvurrer.u Sa esc crvrreni “were allozied to float, In this atrsei27ece 


DOL, ci mimeca ot only the ererecteristics of Tacure 9 out 2icer 


alrs yw Taye eK 3 a 397 ~ ayy on VO 494 Je Ege | > S = Sf < 
peaking shown in Tiemre .0 prior to beingecut off by positive grid volt 


a] 


7” 


age, These characteristics are ovviously associated with the onset of 
channel and the charccteristics of the chennel, But it is not exrijain- 
able in terms of the simole model being used here, The polarity of beta 
is such «es to give a 180° phese shift and so Bac is positive according 
mo une convention cf firuwre 7. 


GRID-COLLECTOR TRA? SCCIDUCTAUGEs: The characteristic which sets the tet-— 


rode arpert fron the present family of transistors is that, like vacuum 


U3 


tube small sirnal amplifiers, it Graws no power from the sigral souree, 


This is >rought about by the insulation of the surface of the emitter- 


Of} 34 = 4 
? 
U 


Bese Ciode by the silicon dloxide grid ard the effect on colicctor cur- 
rent of an electrostatic field imposed on this oxide layer. In terns of 
ecuivalent circuits this is a voltage controlled current source in the 
collector and describes a transfer charecteristic or transconductance, 
Figures 11 and 12 show the variation of the grid transconductance, 

Figure 12 plots transconductance as a function of collector current, 


From zero at collector cutoff, the transconductence increases monoton- 


ieeliy with increasing collector current, When collector current in- 


Lae 


creases, it is the result of an increesea bias on the emitter~bese 
junction, An increesed bias as we have seen changes the character of 
the channel and the rate of reconbination in the charnel, Specifically, 
the position of the point of maximum recombiration shifts within the 
channel, Since carrier concentration, conductivity and recombination 


1 funetions the surface potential {anc hence bese bias) 
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total recombination current chances, as well as the slope of the recon- 


Diration current vs, fotential eharactcristic. Since the slore of this 


° >) 


characteristic Cetermiines the change in collector current for a change 


in prid voltage, in effect it determines the transconductance of the 


foe 


es 
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The chanre in transconductance with erid voltaze is given in figure 
12, lere it is noticed that the antithesis of the beta charactcristic 
takes place, For a negetive grid voltase the chennel is elinirated en- 
tirely and a time varying small signal on the grid will produce no change 
fameellector current, The transconductance is zero. Ai crid bias is in- 
creased from a large negative value tovard positive valucs, a channel 
forms and the cherecteristic recombimation current begins to flow, if 
a time varyine signal is superimposed upon the prid bias, the reconbim- 
tion current will be modulated with this same tine variation, If the 
base is biased from a d-c source, the modulation of the reconmbinaticn 
current will aprear as a sipnsl in the collector circuit, The transcon- 
aquetance incre: ses rapidly and then levels off, indicating that the 
orerating point is en tne broad, fairly straight side of the recombirn- 
tion rate curve, (It is the slope of the recombiration rate curve which 
predominantly determines the transconductance.) In terms of fisuro 7, 
Ecc is negative since there is no sigral phase shift from grid to collec- 
Wenge 

As in th2 case of beta, an anomalous behavior around zero volts is 
observed, However there are tivo anomalies instead of the one previously 
encountered, ‘there are several plausible explamtiors which involve the 
levels of recombination centers (traps), recombination rate vs. surface 
potential and the onset of channel and its saturation in depth, The 
real oxplenetion is rrobably some acmixture of all of these but in ary 


50 





event, any such conclusion iculd not be supported by experimental evi- 
dence in this peper,. 

The transconductance appears to reach a maximum at approximately 
five volts and then starts a slow decline, An inflection point in the 
recombination current characteristic has been reached and the slore de- 
creases as the recombination current tencs tovard a maximm., 

It is interesting to compare the magnitude of transconductance of 
the tetrode with some typical vacuum tubes: 

12DS7 . « »« » 15,000 pmhos 

12Ms ... . 15,000 pmhos 

12D1I8 . . . . 15,000 ~mhos 

TETRODE . . . 20,000 mmhos 
The semiconductor tetrode compares favorably as can be seen, Its obvious 
limitation is its power handling capabilities although the free air dissi- 
pation of 0.8 watts and a collector breakdown voltage of the order of 100 
volts speaks well for the tetrode. 
GRID ADMITTANCE, ye: Coupled with the ability to control collector cur~ 
rent by means of grid voltage, the impedance level of the grid is a not~ 
able characteristic putting the tetrode ina category of electron devices 
which includes vacuum tubes, As announced by Dr, Sah, the inrut admit- 
tance was that of a very low loss capacitor of the order of 80 pf, There 
was no change in admittance levels noticeable with the change of any d-c 
bias condition, No change in the loss coefficient was noticeable from 
d-c to 10 megacycles, This property is, of course, due to the very good 
insulating properties of the silicon dioxide layer which grows during 
the monmufacturing process, Such a high input impedance opens areas of 
circuit applications here-to-fore held to be the sacred domain of vacuum 
tubes, Included are such applications as operational amplifiers, PAM 
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BeS> TW Cs, Z_g: in the comson-exdtter conficuretion, the pase iment 
impedance is usvally thought of as being made up of tio resistors in 

° fee a 4 ® ° 3 5 4 
series, Tne first is fy, , the ohmic resistance of the base brlk nate~ 
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ociated with the active jrnctio 


02 


rial onc the secona is the resistence ass 


In the Tee cqvivelent of the common enitter contficuration the resistence 


4,7 


of the active junction is comresea of that portion through which only the 
base current flows anda that tiwouch -hich the@emituer current flos, thay 
e / = -« a 1 4 © ~ ae 7 ot oy mye true neg iv T= = ( +f; y 

is, ond r, respectively. Since it is alyays true E> p ee 
the voltace crop Igr, which is common to »both the bese and the enittcr 
circuits may be represented in the bese circuit as (p+!) lave o ©0 oCea 


: ; / 
alent resistance (P+!) times as lerge. Tow VW, is the resistance of the 


forverd biased emitter=bese diode and may be expressed as: 


/ 26 


iA = 1. (ma} ohms 





Weglecting the reactive component of the base input impedance ceused by 
2ffusion capecitance, the expression for the resistance can be iritten 


aS 8 


This expression contains within itself the explanation for the ovserved 


variation of Zg with bias concitions shorm in fimmres 13 and 14, In 


U 


ficure 13 it is observed that for low currert the base impedance is scv- 


eral thousend ohms but drons very raridly to a saturation level for cur~ 
renes adore a milliamp. Usine collector current @¢s an approximation to 


emitter currert, it is scen that the secord tern of (1) is very large 


& 
for very low current but drops to 26 ols at one milliamp, This is the 
factor which causes rapid changes in recistance with collector current, 


llotice that the curves for negetive crid voltace do rot Crod as rapidly 
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Mecroaje 15 analorcous to the same ywoarametor in ordinmer, transistors In 
the common enitter confictration this interns] fecdback is positive, 


The ecuse of the feccbee:: is the oduletion of the base width br collec- 


toe sicre] voltage. A vositive chenre .n collector voltage due to a sigs 
mai causes the collector junction to srread into the base, This causes 


mm anercause in conconiretvier cruciensy ain, hcnea ai inerecse in emitter 
Gurrert, Since the emitter currcnt is circetly related to the bese 
woltare av tre diode ecrvation, this change céuses an increase in forward 
Mitterebese junction, Thus it can be seen to be & positive 
Poltese Tecdbacc in the common enitvcr confiruration, This is also true 
of the tetrode, Figwes 15 ana 16 show the variation of collector=ba se 
meeebeci: ratio as functions of collcctor current and srid current rosgee 


tively, 


sor low collector currents anu nepative grid voltages, the fecdhack 


is relqvively lerce, cccreasime revicliy to a stwcple value ay medi end 
nig. Clarets. .inis as cagmectcristic pelevior for this vereme vor a0 
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heoves in the usucl trensistor menrer when grid voltage is nerative. 


Cree collector current sets adove about 10 mc, the fecddack ratio is 
insensitive to either grid voltasec or ftrtier increases in collector 
Currey. 

When the grid voltage becomes positive and the surface channel is 
ermed, wne fcecahack ratio drops regardless of collector current. It 
can be seen from figure 16 that for grid voltace creater than tuo volts, 
the feedback naramcter is essentially constant, In this respect, the 
surface channel acts in ea manner analogous to < surge tenk ina fluid 
system, As the change of collector voltase changes the concentration 
eradient in the base, this change is reflected in a change in the recon- 
bination rate in the channel prefercntially to a change in bias across 
the emitter-base diode in the bulk. In essence then, the change in col- 
lector voltage may be thought of as causing two opposing fcecback effitccts: 
(1) the usuel internal feedback (positive) and; (7?) a negative feedback 
Waich is e function of grid voltage (nercative). 
GRID}-2ASS FREDDACK RATIO: This ratio measures the effect of a sigral on 
the erid in the base circuit, With grid voltace negative and no channel 
formed, the feedback is thet which is associated iith the capacity of the 
metal-oxide-semiconcuctor sandwich, With inercésing grid voltage the 
surfece channel forms, A sicral appiied to the grid moculates the ree 
combination current in the cnannel. Since this current reduccs the cur- 
rent crossing the emitter-basc junction, it is reflected as a reduccd 


junction voltage, Since a rositive change in grid voltage decreases 


junction voltage, the feedback is negative, In part, this fecdback may 
*See, for instance, GE Transistor anual, Fourth Edition 
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would be operated at e-c ground and the base input impodance is of no 
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and is derived in Appendix 4. Large positive grid voltages drive 
to almost zero which immediately simplifies this expression to: 

P ae Bac Ri. 

_ Re got | 
This is identical to the vacuum tube expression for gain. [It must be 
remembered that there is no phase shift through the tetrode so Bac is 
a negative number according to the completely arbitrary polarities as= 
signed in figure (18). 


Current gain in the current operated mode is given by: 
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Figure 11 shows that Boo goes to zero for large negative grid voltages. 


This defines the current mode and current gain simplifies to: 


A; = Ce- 


The expressions given above describe the tetrode in its two usual 
modes of operation for low frequency, small signal operating conditions. 
They should provide the circuit designer with an insight into how the 


tetrode will respond for a given circuit application. 
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power Cissimation and the second is an ooserved bies noint instability. 


The tetrode collector current may be cut off by the application of 


a sufficiently hich positive sric voltacse, This does rot mean, hovever, 


that base and emitter current is not flowing, Indeed, quite a lare 
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recombinetion current may be flowing in the channel, This can be sé 
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eral hundred nilliamperes under some conditions. The potential ciffer- 
ence through whicn this current flows is the emitter base voltage. The 
product of the tvo is the vover being dissipated as a result of recorn- 
birmition and this appears as lettice vibration or kinetic energy of the 
crystal atoms, If this rower excceds the cdissitmation capability of the 
cevice, destruction will result; and without ever having drawn any pove 
@e 2li from the collector source, Thus it becomes anparent that cars 
must be taken to monitor collcetor current, base current, emitter~be se 
voltage and collector~base voltere, The totel power being dissipated 


is then: 
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with Ip no longer negligible. Contrast this with the old rule of thunt: 
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P= Voeric. It is obvious that the circuit designer will have to be avere 
of this pitfall and mindful of the actual physics of this device rather 
than relying upon the "rule of thumb" methods of design which seem to 


have grown up with the trensiswr. 
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collector stmady volm@me, colicclor curremieend collcctor aan@eeice., 
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of a by-pessed resistor in the emitter lead, Thi 


bias retitorks in both tubes and transistors, However, 
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pssentially, changing the grid voltage changes the c-c beta crdé. 
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and 6. Is, = BIg. +46 Ie if the desired i = is to be achieved, In 
order to do this, it is necessary to make the ratio Ip)/Ipo as nearly 
equal to 6/8: as possible. Therefore it is necessary that: 
To . Rez . Rs+ let e+Re +(P+AB)(re +Re) 
lea Rei Rs+ Vette +Re+ €, (Te +Re ) 
be as nearly equal to (p:+48)/f 8, as possible, If the d-c beta is reason~ 
ably large (~10) and R. is very small, it can be seen that making Re 


Jarge will reduce the above expression to: 


Io + Pita 

Tez Bs 
as desired, When tested, this technique was observed to almost elimirate 
the bias instability previously noted. By-passing Re with a caracitor 


allowed an a-c signal on the grid to have the desired affect on beta 


without changing the d-c bias conditions. 
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10, Sunmery 

A new seniconurctor device krown cs the surface-fpotenticl controllicd 
transistor or semiconcuctor tetrode has been describea., The underlying 
physics have been laid out to aid in the understanding of how it obtains 
transistor action, Tho device is characterized by a high impedance ter= 
minal to which a potential may be applied to cffect control of collector 
current, 

The description of the device in terms of a hybrid set of parameters 
was given and the behavior of these parameters under varying bias con- 
ditions was investigated, Based upon these investipations, the descrip 
tion of the tetrode as a transducer was derived and discussed. 

The tetrode is not a commercially available device however, when it 
is marketed it offers great promise of applications previously barred tc 


semiconductor devices, 
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